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Introduction
Rayleigh Lidar is routinely used to measure temperatures in the
middle atmosphere from 45 to 90 km. It is well adapted for nightly
observation,  provides excellent  vertical  temperature resolution,  and
does not need external calibration. The USU Rayleigh Lidar (41.74°N
111.81°W) dataset spans more than ten years from September 1993 to
July 2003 with 62 monthly profiles (about  5 years of data) spread
over that period.
With  many sources of variation in the atmosphere, all temperature
effects  cannot  be  detected.  The  largest  source,  and  the  easiest  to
measure, is the seasonal variation. In addition there are semiannual
variation, secular trends, solar cycle effects, and many others.
Method
     A least squares method was used to determine the coefficients for
the following linear model:
T t  = T  z   A0 z ⋅t  A2 z ⋅cos 2⋅⋅t 1 z 
 A3 z ⋅cos4⋅⋅t 2 z   T ' t , z  .
Where  t  is the time measured in fractions of years from September
1993; T  z  is the average value of the temperature at altitude z; A2(z)
and A3(z) are the amplitude of the annual and semiannual terms; φ1(z)
and φ2(z) are the phase angles for the annual and semiannual terms;
A0(z) is  the  temperature  trend  in  K/year;  T'(t,z) is  the  temperature
perturbation  due  to  other  effects.  An  F10.7  term  was  originally
included in the model to detect solar cycle effects. Its value ranged
from 0.031 to -0.029 K/unit of flux, about ± 3.3 K per solar cycle, but
was not found to be statistically significant. For this reason it was not
included in the final model. The fit was done using standard linear
regression and a curve fitting algorithm that searches for the phase
angles while trying to maximize the R2 value of the fit.
Validation of Program
Because no canned routines were used in program development,
validation of the program was necessary. 
For each month in our dataset  a corresponding monthly average
was generated from MSISe00. The curve fitting program was run on
these  data  to  find  the  six  constants  at  each  altitude.  The  program
reproduced  the  MSISe00  temperatures  nearly  exactly  at  every
altitude.  See  Figure  1 for  an  example.  The  amplitudes  and  phase
angles  were  extracted  from this  fit  and  used  for  the  comparisons
shown later.  
In our dataset there were several data points in each altitude bin
that  could  be  considered  outliers.  When  the  linear  regression  was
performed with these points removed, there was a small change in the
estimates of the coefficients. (Any points in the middle of the dataset
have almost no influence on an estimate of the linear trend). However
the 95% confidence intervals on these coefficients were much tighter
and the standard error was reduced on average by about 22%.
Results
Figure 2 compares the USU lidar data with MSISe00 and  model
values.  The  annual  variation  dominates  at  the  highest  and  lowest
altitudes; the semiannual variation is most prominent in the middle
altitudes. In addition, at 79.4 and 68.0 km a cooling trend is apparent
when compared with the MSISe00 temperatures, and at 56.6 and 45.2
km a warming trend is apparent.
 Figure 3 shows the variation of the linear temperature trend with
altitude.  This  shows  a  very  large  and  statistically  significant
temperature  trend  of  -1.2  ±  0.7  k/year  at  77  km with  an  average
warming trend of 0.24 ± 0.23 k/year between 45 and 55 km. This
figure also shows the results of temperature trends from other groups
at similar latitudes. Most show a statistically significant cooling trend
throughout the altitude region, as do model calculations.
Figure 4 is a comparison of amplitudes and phase angles from five
datasets: USU, MSISe00, HALOE, CEL, and OHP. (As stated earlier,
the amplitudes and phase angles were extracted from MSISe00 using
the least squares/curve fitting algorithm).
For the annual terms the amplitudes generally follow each other
closely between 55 and 80 km with USU being about 3 K warmer.
Below 55 km the amplitudes from HALOE and the two  French lidars
are cooler by about 4.5 K. 
The phase angles for the annual oscillation from these five datasets
are generally grouped together throughout the altitude range, with the
French data  putting the peak of   the annual  oscillation one month
later than the USU data. There is also a dramatic shift found in all the
datasets near 65 km where the peak shifts from around February to
around July. The HALOE data follow the USU data very closely in
the lower  mesosphere  with  the  peak  of  the  annual  oscillation
occurring around May.
The amplitudes for the semiannual oscillation also generally follow
each other,  with  the  HALOE data  closely matching the USU data
from 60 to 45 km. However, there is a significant difference between
the MSISe00 data and all the other datasets in the region from 55 to
65  km,  about  4  K.  Also,  the  USU  data  shows  no  statistically
significant amplitude from 70 to 75 km and below 47 km. 
HALOE, MSISe00, and the French phase data follow each other
relatively  closely  above  55  km.  Below  this  the  MSISe00  data
diverges sharply from the other  datasets. Just above 45 km HALOE
places the peak of the semiannual oscillation at mid April, USU mid
February, and the French data between June and July. Over the entire
altitude  range  the  USU  data  places  the  semiannual  oscillation
between  1  to  4  months  earlier  than  the  other  datasets,  with  the
greatest differences occurring where the amplitude of the semiannual
wave is not statistically significant. 
Conclusions
●  No significant F10.7 (solar cycle) variation.
●  Fairly  good agreement  between  annual and semiannual  
    variations.
●  A warming trend in the lower mesosphere on the order of  
    0.24 K/year. 
●  A large cooling trend in the upper mesosphere reaching -1.2 
    K/year at 77 km. 
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Figure 2: Temperature trends.
Figure  1: The inverted triangles are the data points used to
test  the  program,  the  dashed  line  are  the  MSISe00
temperatures,  and the solid line is the predicted values from
the model. 
  
Figure 3: Comparison of Linear trends.
Figure 4: Comparison of Amplitudes and Phase angles for the annual and
semiannual oscillation.
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